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In this study, we assessed the regulation of transient receptor potential vanilloid 4 
(TRPV4) promoting lymphangio/angiogenesis to improve the ischemic hindlimb animal 
model, and revealed that (1) a TRPV4 agonist improved the blood flow of ischemic 
hindlimbs by inducing both angiogenesis and lymphangiogenesis; (2) excessive TRPV4 
expression was detected on lymphatic endothelial cells (LECs) in the ischemic hindlimb; 
and (3) hypoxic conditions promoted Ca2+ influx into LECs via TRPV4. It is considered 
that the upregulation of both lymphatic and blood vessels by activating TRPV4 would be 
a promising therapeutic strategy for peripheral artery disease. 
 






 Peripheral artery disease (PAD) is characterized by the occlusion and stenosis of 
arteries.1 Though endovascular or surgical treatment is the first choice for the most severe 
clinical stage of PAD,2 20–30% is excluded from the indication of this surgical therapy.3 
Transient receptor potential vanilloid 4 (TRPV4) is a calcium-permeable nonselective 
cation channel, which is activated by various factors, including pressure4 and 
temperature.5 TRPV4 is widely expressed in vascular endothelial cells (VECs)6 and is 
involved in endothelium-dependent vasorelaxation induced by Ca2+ influx,7 whose 
increase also contributes to the proliferation and differentiation of VECs.8 Moreover, 
TRPV4 was recently reported to be expressed in lymphatic endothelial cells (LECs).9, 10 
Our previous studies revealed that lymphatic vessels play a crucial role in treating PAD.11, 
12 Thus, enhancing development of lymphatic vessels via activation of TRPV4 is expected 
to more effectively rescue ischemic hindlimbs. In this study, we aimed to clarify whether 
the regulation of TRPV4 in LECs could promote lymphangiogenesis and improve 
hindlimb ischemia with angiogenic processes. 
      Twelve-week-old male C57BL/6J mice (Charles River, Wilmington, MA) were 
used for modeling hindlimb ischemia. The care of mice and experimental procedures 
followed the “Principles of Laboratory Animal Care” (Guide for the Care and Use of 
Laboratory Animals, NIH), the experimental protocol of which was approved by the 
Animal Care and Use Committee of Fukuoka University (1906028). The left hindlimb 
ischemia model was performed as previously described.11,12 The contralateral (right) 
hindlimb served as the internal control. Mice with ischemic hindlimbs were randomly 
divided into three groups: vehicle group (control), GSK101 group administered with 
TRPV4 agonist GSK1016790A (GSK101, 0.15 nmole; FUJIFILM Wako, Osaka), and 
HC06 group with TRPV4 antagonist HC067047 (HC06, 0.15 µmole; FUJIFILM Wako). 
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These drugs were injected percutaneously into the thigh muscle of ischemic hindlimbs. 
The ratios of the blood flows in ischemic (left) and nonischemic (right) hindlimbs were 
measured at postoperative days (PODs) 0, 1, 3, 7, and 14 by a Laser Doppler Perfusion 
Imager (Moor Instruments, Devon, UK). In some mice of vehicle and GSK101 groups, 
Evans blue dye lymphangiography was additionally performed at POD 3. For histological 
assessments, the thigh muscles were recovered from some mice. The primary antibodies 
were rabbit anti-TRPV4 (Abcam, Cambridge, UK), sheep polyclonal anti-von Willebrand 
factor (vWF, Abcam), purified hamster anti-podoplanin (Pdp, BioLegend, San Diego, 
CA), mouse anti-α-smooth muscle actin (α-SMA, Dako, Tokyo), rabbit polyclonal anti-
lymphatic vessel endothelial hyaluronan receptor-1 (LYVE-1, Relia Tech, Andover, MA), 
and rabbit polyclonal anti-hypoxia-inducible factor 1α (HIF1α, Novus Biological, 
Littleton, CO). The localization of TRPV4 in the thigh muscles was detected using a 
confocal laser scanning microscope FV1000 (Olympus, Tokyo). The number of vWF-, 
Pdp-, or LYVE-1-positive capillaries per myofiber was detected using a Keyence BZ-
X710 fluorescent microscope (Keyence Co., Osaka). Oxygen tension (PtO2) in the thigh 
muscles was measured before and after ischemia using a PO2 sensor UOE-04T (Unique 
Medical, Tokyo).  
Regarding real-time PCR analysis, total RNA of C57BL/6J mouse LECs (Cell 
Biologics, Chicago, IL), cultured under normoxia or hypoxia, was purified and reverse-
transcribed using RNeasy mini kit and Quantitect RT kit (Qiagen), respectively. Real-
time PCR was performed using a LightCycler® 96 system (Roche Diagnostics, Basel, 
Switzerland) with TB Green premix ExTaq II (Takarabio, Kusatsu). Actb was used as the 




GATTCTGACATGCCACATAGCTC-3’; Actb: Forward: 5’-
CATCCGTAAAGACCTCTATGCCAAC-3’, Reverse: 5’- 
ATGGAGCCACCGATCCACA-3’. To assess the Trpv4 promoter activity under 
normoxia or hypoxia, LECs were inoculated with recombinant lentivirus containing 
promoter region of mouse Trpv4 gene (1 or 2 kb upstream from the transcription start 
site), which was cloned upstream of reporter gene, Nanoluc cDNA. Luciferase activity 
was detected with Nano-Glo Luciferase Assay System (Promega) and expressed relative 
to the activity of CellTiter-Glo 2.0 (Promega). Regarding measurement of intracellular 
Ca2+ concentration ([Ca2+]i), LECs, cultured under normoxic or hypoxic condition for 24 
hr, were loaded with 5 µM fura-2/AM (Dojindo, Kumamoto) for 30 min in a balanced 
salt solution (146 mM NaCl, 4 mM KCl, 2 mM MgCl2, 1 mM CaCl2, 10 mM D-glucose, 
and 10 mM HEPES/Tris, pH 7.4). [Ca2+]i was evaluated as the ratio of fluorescence 
emission at 510 nm with excitation at 340 and 380 nm using an Aquacosmos system 
(Hamamatsu Photonics, Hamamatsu). All values were presented as mean ± standard error 
(SEM). Statistical assessments were determined using one-way and two-way analyses of 
variance (ANOVA), Bonferroni correction, or Student’s t-test. P < 0.05 was considered 
statistically significant. 
 The ischemic change in left hindlimbs was detected in all the mice of vehicle, 
GSK101, and HC06 groups at POD 0 (Fig. 1A). The recovery of blood flow in ischemic 
hindlimbs of GSK101 group was noted at POD 3, whereas no indications of recovered 
blood flow were observed in vehicle and HC06 groups. The blood flows in vehicle and 
HC06 groups were detected at POD 14; however, the level was more prominent in 
GSK101 group (Fig. 1A). The blood flow ratios were also significantly elevated in 
GSK101 group at PODs 3, 7 and 14 (P < 0.001, P <0.05, and P < 0.0001, respectively; 
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Fig. 1B). Intriguingly, Evans blue dye lymphangiography revealed that the functional 
lymphatic vessels of ischemic hindlimbs in GSK101 group at POD 3 were markedly 
promoted compared with those in vehicle group (Fig. 1C). Histological assessments for 
preischemic and ischemic hindlimbs in vehicle group at POD 3 showed that TRPV4 
expression was upregulated in vWF- and Pdp-positive LECs after ischemia compared to 
that before ischemia (pre), whereas it was not changed in vWF-positive VECs of α-SMA-
positive small blood vessels (Supplementary Fig. S1). Regarding histological assessments 
at POD 14, it revealed that the prominent increases of Pdp- or LYVE-1-positive lymphatic 
vessels, as same as vWF-positive blood vessels, were seen in GSK101 group (Fig. 2A). 
The number of capillaries per myofiber also secured the accuracy of histological 
assessments about the promotion of lymphangiogenesis in GSK101 group (P < 0.01; Fig. 
2B). Further, TRPV4-positive lymphatic vessels were observed in ischemic hindlimbs in 
all the three groups at POD 14, especially increasing in GSK101 group (P < 0.05; Fig. 2C 
and D). Oxygen tension in the hindlimb was significantly attenuated after ischemia (P < 
0.01; Fig. 3A). Furthermore, HIF1α was strongly expressed in the lymphatic vessels of 
the ischemic hindlimbs (Fig. 3B) and Hif1a mRNA was strongly induced in LECs 
cultured under hypoxic condition for 24 hr (P < 0.01; Fig. 3C). We also assessed the 
expression of Trpv4 mRNA in LECs incubated under normoxia or hypoxia. It revealed 
that the Trpv4 expression was significantly increased under hypoxia for 6 or 24 hr 
comparing with normoxia (P < 0.01; Fig. 3D). Consistently, luciferase reporter gene assay 
indicated the upregulation of Trpv4 promoter activity in LECs under hypoxia for 24 hr (P 
< 0.01; Fig. 3E). Furthermore, we found that acetylcholine (ACh)-induced intracellular 
Ca2+ signals in LECs under hypoxia for 24 hr were significantly enhanced compared with 
those in LECs under normoxia; these effects were completely reversed by HC06 (P < 
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0.01; Fig. 3F). In addition, GSK101 more prominently potentiated Ca2+ signals under 
hypoxia compared with those under normoxia (P < 0.01; Fig. 3G), suggesting that 
hypoxia strengthened the Ca2+ influx into LECs via TRPV4. 
      In this study, the therapeutic effect of a TRPV4 agonist on hindlimb ischemia was 
elucidated. First, it was addressed whether a TRPV4 agonist was effective in treating 
ischemic hindlimbs. Laser Doppler imaging indicated the accelerated recovery of blood 
flow in ischemic hindlimbs by administering the TRPV4 agonist GSK101. The 
upregulation of lymphatic and blood vessels was prominently observed by administering 
the TRPV4 agonist. Furthermore, TRPV4-positive lymphatic vessels were 
characteristically seen. These findings indicate the promotion of 
lymphangio/angiogenesis by TRPV4 activation, thus contributing to the recovery of 
blood flow in ischemic hindlimbs. We speculated the Ca2+ signals in LECs under 
activation of TRPV4 may promote lymphangiogenesis, similar to angiogenesis in VECs.8 
However, the exact lymphangiogenesis-promoting trigger in ischemic hindlimbs 
remained unclear because TRPV4 activation was induced by various triggers, including 
pressure and shear stresses.13,14 Here it was estimated that hypoxia to be the most 
considerable trigger for TRPV4-mediated Ca2+ signaling.15 Our results revealed the 
induction of hypoxia in ischemic hindlimbs. In LECs, hypoxic exposure significantly 
enhanced ACh-induced Ca2+ signals, which were completely reversed by TRPV4 
antagonist. Previous report showed that muscarinic receptor contributed to ACh-induced 
Ca2+ signals by activating TRPV4.14 In addition, the TRPV4 agonist more prominently 
increased Ca2+ signals under hypoxia compared with that under normoxia, suggesting that 
hypoxia strengthened the Ca2+ influx into LECs by activating TRPV4. Nevertheless, the 
TRPV4 antagonist did not affect the recovery of blood flow in ischemic hindlimbs. 
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Therefore, the endogenous trigger for activating TRPV4 may not significantly contribute 
to the intrinsic recovery of the ischemic hindlimb. 
In conclusion, the activation of TRPV4 to upregulate lymphangio/angiogenesis 
would be a promising therapeutic strategy for PAD. 
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Figure. 1. The blood flow of ischemic hindlimb after treatment of TRPV4 agonist or 
antagonist  
(A) Laser Doppler imaging of vehicle, GSK101, and HC06 groups at PODs 0, 3, and 14. 
The dotted white circle indicates the recovery of blood flow in an ischemic hindlimb. The 
blood flow was visualized by coloring between red (rich blood flow) and blue (poor blood 
flow). (B) Blood flow ratios of vehicle (n=7), GSK101 (n = 11), and HC06 groups (n = 
8). (C) Lymphangiography of vehicle and GSK101 groups at POD 3. Evans blue dye (80 
μl of 10 mg/ml in PBS) was injected into the left ischemic hind footpad under anesthesia. 
Fifteen minutes after dye injection, collecting lymphatic vessels (blue-stained) were 
detected by stereoscopic microscope equipped with digital camera. Statistical analyses 
were performed using one-way and two-way ANOVA and multiple comparison 
(Bonferroni correction). *P <0.05, **P <0.01, ***P < 0.001 versus vehicle group. Data 
were expressed as mean ± SEM. 
 
Figure. 2. The changes of the number of vWF-, Pdp-, and LYVE-1-positive 
capillaries in the ischemic hindlimb after treatment of TRPV4 agonist or antagonist 
(A) Histological findings of vWF-positive (blood vessels), Pdp-positive (lymphatic 
vessels), and LYVE-1-positive (lymphatic vessels) capillaries (indicated by yellow 
arrows) in myofibers of ischemic hindlimbs in vehicle, GSK101, and HC06 groups at 
POD 14. Scale bar = 50 µm. (B) Numbers of vWF-positive, Pdp-positive, and LYVE-1-
positive capillaries per myofiber in vehicle, GSK101, and HC06 groups at POD 14. (C) 
Histological findings of Pdp-positive capillaries (red) with TRPV4 immunostaining 
(green) in myofibers of ischemic hindlimbs in GSK101 group at POD 14. Scale bar = 50 
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µm. (D) Number of TRPV4-positive lymphatic vessels (Pdp-positive) per myofiber in 
vehicle, GSK101, and HC06 groups at POD 14. Statistical analyses were performed using 
Bonferroni’s multiple comparison test. *P <0.05, **P <0.01 versus vehicle group (n=3). 
Data were expressed as mean ± SEM. 
 
Figure. 3. The expression of HIF1α under hypoxia and the change of intracellular 
Ca2+ in LECs under stimulation of TRPV4 agonist or antagonist 
(A) Oxygen tension of ischemic hindlimbs before and after ischemia. (B) Histological 
imaging of lymphatic vessels in ischemic hindlimbs immunostained for HIF1α (red) and 
Pdp (green). Scale bar = 50 µm. (C, D) Expression of Hif1a or Trpv4 in LECs cultured 
under normoxia (21% O2 and 5% CO2) or hypoxia (2% O2 and 5% CO2). Their expression 
levels were quantified relative to Actb expression. (E) Trpv4 promoter activity in LECs 
cultured under normoxia and hypoxia for 24 hr. Statistical analyses were performed by 
Student’s t-test. **P <0.01 versus before ischemia or normoxia (n=3). (F, G) Time courses 
of ACh- and GSK101-induced Ca2+ signals (left) and quantitative comparison of their 
peak changes (right) in LECs cultured under normoxia or hypoxia in the presence or 
absence of HC06. Statistical analyses were performed using Bonferroni’s multiple 
comparison test. *P <0.05, **P <0.01 versus normoxia; ##P < 0.01 versus vehicle under 
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Yamada et al. supplementary Figure S1.
Fig. S1. The expression of TRPV4 on lymphatic and small blood vessels in ischemic
hindlimbs.
(A) Histological imaging of lymphatic vessels in preischemic (pre) and ischemic
hindlimbs (POD 3) immunostained for TRPV4 (green), vWF (red) and Pdp (blue).
Yellow allow: Increased TRPV4 expression in vWF- and Pdp-positive LECs. Scale bar =
50 µm. (B) Histological imaging of small blood vessels in preischemic (pre) and ischemic
hindlimbs (POD 3) immunostained for TRPV4 (green), vWF (red) and α-SMA (blue) at
pre and POD 3. Scale bar = 50 µm.
